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We demonstrate that optical pumping plays a significant role in determining the noise in certain types of laser-
pumped vapor-cell microwave frequency standards by changing the way in which the laser’s FM noise is con-

verted to AM noise by the optical-absorption profile.

When this FM-AM conversion is the dominant noise

source, the noise spectrum of the transmitted intensity can be dramatically altered by the optical-pumping

process.
ferently from noise at lower Fourier frequencies.

FM noise at Fourier frequencies larger than the optical-pumping time is converted to AM noise dif-
This effect can modify the optimum design of vapor-cell fre-

quency references and adds an additional FM—AM-related noise source that cannot be eliminated with laser

tuning. © 2001 Optical Society of America

OCIS codes: 270.1670, 020.1670, 020.3690, 300.6320, 300.6420, 120.3930.

1. INTRODUCTION

Optical pumping! has long been known to affect the
optical-absorption properties of alkali atoms confined in a
cell with a buffer gas.? Because the alkali atoms’ motion
is restricted by collisions with buffer-gas atoms, the alkali
atoms spend a much longer time interacting with the in-
cident light than they would in a low-pressure vapor.
When this optical interaction time becomes comparable
with the optical-pumping time between the two hyperfine
ground states, the optical pumping can alter the ground-
state populations and therefore the absorption spectrum
of light by the atoms.

In this paper we present some considerations of hyper-
fine optical pumping in alkali atoms within the context of
laser-pumped microwave frequency references. Optical
pumping plays a critical role in all vapor-cell microwave
atomic frequency references. In conventional frequency
references based on optical-microwave double reso-
nance,’ for example, the change in ground-state popula-
tions induced by this process gives rise to the error signal
that is used to lock the external microwave oscillator to
the narrow atomic resonance. In a diode-laser-pumped
system we have recently found that optical pumping can
dramatically affect the way in which frequency modula-
tion on the laser is converted into intensity modulation by
the atomic absorption line.* Since FM—AM noise conver-
sion can dominate the short-term stability of microwave
frequency references, the optical-pumping process can
significantly alter the design parameters that optimize
the atomic standard. The results presented here appear
to be general enough to encompass all laser-pumped fre-
quency references in which the laser’s frequency noise
contributes significantly to the frequency-reference insta-
bility.
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Laser-pumped frequency references can be divided into
two main types. Conventional frequency references® use
a microwave field to excite the atomic hyperfine transi-
tion. A laser resonant with an optical transition in the
atom provides some initial optical pumping to change the
populations of the ground-state levels from their equilib-
rium value. When the microwave frequency coincides
with the ground-state hyperfine frequency, the level popu-
lations change back toward their equilibrium values, and
this change is measured through the resulting change in
absorption of the optical field. In all-optical frequency
references,®® dark-line or coherent population-trapping
resonances’ ! are used: two laser fields separated in
frequency by the ground-state hyperfine frequency excite
the microwave transition through an optical multi-photon
process. The absorption of those same laser beams is
used to determine when the difference frequency between
the lasers coincides with the resonance. Although this
paper focuses mainly on the all-optical systems, many of
the arguments and conclusions may apply equally well to
conventional references.

The short-term stability of laser-pumped frequency ref-
erences is determined by noise from a number of sources:
shot noise in the detection process, excess intensity noise
on the laser, FM—AM conversion in the vapor, and elec-
tronic noise. When lasers with large linewidths (for ex-
ample, vertical-cavity surface-emitting lasers) are used,
the FM—AM conversion noise can dominate and almost
exclusively determine the stability (Allan standard devia-
tion) of the frequency reference.

FM—-AM conversion in resonant media has been stud-
ied previously as a tool to perform broadband, high-
resolution spectroscopy with a very simple experimental
configuration.'?1® In that context, fluctuations in ampli-
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tude of the optical field exiting the cell are related to fluc-
tuations in polarization of the atomic medium and there-
fore contain information about the spectral structure of
the atoms. Complicated structure in the intensity noise
spectrum of light propagated through an optically thick
atomic medium has been predicted theoretically and ob-
served experimentally.’>!” More recent studies of
FM—-AM conversion have focused on nonlinear effects in
optically thick media that affect the performance of con-
ventional vapor-cell atomic clocks.!®1?

We present here a detailed investigation of the FM—AM
conversion process combined with optical pumping near a
resonant transition in an optically thin vapor of alkali at-
oms. It is found that the FM—AM conversion at frequen-
cies up to 100 kHz can be well explained with a simple,
linear theory that includes the effects of optical pumping.
In this theory the FM laser noise is translated into AM
noise by the slope of the atomic absorption spectrum. It
is found experimentally, however, that when the noise at
Fourier frequencies near 500 Hz is measured as a func-
tion of optical detuning from the resonance peak, the
noise minimum does not exactly coincide with the peak of
the dc absorption profile but is instead shifted by several
tens of MHz.2® This shift can be explained* by taking
into account optical pumping, which causes the atoms to
respond to noise at higher frequencies in a manner differ-
ent from that to the dc optical power. In addition, the op-
tical pumping adds a noise component out of phase with
the original frequency noise, in which the component can-
not be eliminated with an appropriate choice of laser tun-
ing. A simple theory is presented that includes the
optical-pumping process as well as the excited state’s hy-
perfine structure. This theory explains semi-
quantitatively the shift observed in the experimental data
as well as certain features in the AM noise spectra.

2. COMPACT ATOMIC FREQUENCY
REFERENCE

The measurements presented in this paper were carried
out with a compact frequency reference shown schemati-
cally in Fig. 1 and described more thoroughly in previous
publications.*?%?! This frequency reference uses an all-
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Fig. 1. Schematic of the experimental setup. The inset shows
the tunings of the relevant laser fields with respect to the atomic
energy levels.
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optical scheme® 22 to excite the microwave clock transi-
tion, in which the laser’s injection current is modulated to
produce optical sidebands on the laser. Two sidebands
couple the two atomic ground states to an excited state in
a A configuration, creating a narrow, dark-line resonance
to which an external microwave oscillator can be locked.
Although this system was developed as a compact clock,
of primary interest here is the way in which the FM noise
is converted into AM noise upon passing through the va-
por and the extent to which this determines the stability
of the frequency reference.

The light from a vertical-cavity surface-emitting laser
(VCSEL) emitting at 852 nm in a single transverse and
longitudinal mode is passed through a cell 2 cm long and
containing Cs along with several kPa of Ne or Ar buffer
gas. The laser’s power is attenuated before the cell such
that roughly 10 uW of optical power in a beam 4 mm in
diameter is incident on the cell. The laser’s injection cur-
rent is modulated at 4.6 GHz, resulting in the two first-
order optical sidebands being separated by 9.2 GHz,
which is equal to the ground-state hyperfine splitting of
the Cs atom. Roughly 40% of the optical power was con-
tained in the blue sideband, whereas roughly 20% of the
power was in the red sideband; the remainder of the op-
tical power was distributed between the carrier (13%) and
the higher-order sidebands. The laser was tuned such
that the two first-order sidebands were resonant with the
transitions from the two atomic ground states to the 6P,
excited state, as shown in Fig. 2. Because two optical
fields are present, the atoms are not completely optically
pumped into a single ground-state hyperfine level. They
instead come to some equilibrium distribution, with non-
zero population in each level; the populations depend on
the relative intensities and detunings of the two optical
fields. The atoms therefore fluoresce and scatter a sig-
nificant amount of laser light, resulting in nearly 43% of
the laser’s sideband power being absorbed. A typical ab-
sorption profile as the modulated laser is scanned over
the atomic lines is shown in Fig. 3.

With 9.7 kPa of Ne buffer gas in the cell, the optical-
absorption linewidth is measured to be 1.3 GHz, far above
the natural linewidth (~5 MHz) of the transition in ques-
tion. The broadening comes from a number of sources
and is a combination of both homogeneous and inhomoge-
neous mechanisms. Collisions with buffer-gas atoms
dominate the broadening and contribute a linewidth of
roughly 1 GHz. The Doppler broadening for this Cs tran-
sition at the cell temperature of 29 °C is 380 MHz. In ad-
dition, the excited-state hyperfine structure is not re-
solved; the hyperfine states of lowest and highest energy
are split by 600 MHz, leading to some additional broad-
ening.

The power spectrum of the FM noise of the unmodu-
lated laser is shown in Fig. 4(a) and was obtained by tun-
ing the laser onto a fringe of a Fabry—Perot etalon and
measuring the transmitted intensity fluctuations. The
increasing noise at low Fourier frequencies is typical of all
types of semiconductor lasers. The laser with the RF
modulation applied was then tuned onto the side of the
largest absorption peak shown in Fig. 3 so that the two
first-order sidebands were resonant with the atomic tran-
sitions from the two ground states. Figure 4(b) compares
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Fig. 2. Tuning of the laser with respect to the atomic transi-
tions. The first-order sidebands on the optical field are resonant
with the two atomic transitions from the FF =3 and F = 4
ground states.
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Fig. 3. Fraction of total optical power transmitted through the
cell as the RF-modulated laser is scanned over the Cs D, line.
The largest peak occurs when the two first-order laser sidebands
are resonant with the two hyperfine absorption lines, as in Fig. 2.
The remaining peaks occur when the carrier or higher-order side-
bands are resonant.

the AM noise measured with a photodiode at the output of
the Cs cell under these conditions (trace A) with the pro-
jected AM noise calculated from the laser’s FM noise spec-
trum and the slope of the absorption line (trace B). It is
clear that although the agreement is very good at low
Fourier frequencies the two sets of data deviate signifi-
cantly from each other at frequencies >1 kHz, suggesting
that some additional process is occurring.

Typical spectra taken near the line peak, on the side of
the line, and off the line entirely are shown in Fig. 4(c).
It is clear from the data that both the amplitude of the
noise and the shape of the spectrum change dramatically
as a function of the laser detuning. Traces B and C, for
example, cross near 100 Hz. This is not consistent with a
simple linear theory that predicts that the noise will
change uniformly throughout the spectrum as the absorp-
tion slope changes. It is important to note that the in-
trinsic AM noise limit is well below the FM-AM conver-
sion noise level. The actual measured AM noise level is
shown in Fig. 4(c) (trace D).

The noise at a frequency of 530 Hz, extracted from
spectra similar to those in Fig. 4(c), is shown in Fig. 5 as
a function of the laser detuning from the peak of the dc
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absorption spectrum. It is clear that the noise increases
with detuning but that the noise minimum does not occur
at the peak of the dc absorption spectrum, as might ini-
tially be expected. The experimental data points agree
well with the prediction of the linear FM—AM conversion
theory shifted by 40 MHz from the dc absorption line cen-
ter. When this information is combined with the spectral
data in Fig. 4, it appears that the noise at higher frequen-
cies exhibits a behavior as a function of laser detuning
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Fig. 4. (a) Laser FM noise spectrum measured by use of an eta-
lon fringe. (b) Comparison of the AM noise measured at the out-
put of the Cs cell with the laser detuned by —217 MHz from the
peak of the dc atomic absorption line (trace A) with the projected
AM noise calculated from the laser FM noise spectrum and the
slope of the atomic absorption line (trace B). (c) AM noise at the
cell output with the laser detuned by —217 MHz (trace A), —9.5
MHz (trace B), and +17 MHz (trace C). The noise floor (trace
D), determined by the intrinsic AM noise of the laser and mea-
sured with the laser tuned away from the absorption lines, is also
shown. Strong peaks related to the 60-Hz line frequency have
been removed from all spectra for clarity of presentation.
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Fig. 5. Noise at the detector output at 530 Hz, normalized to the
dc level, measured as a function of the detuning of the laser from
the peak of the dc optical-absorption spectrum. The points are
the experimental data, and the solid curve is the prediction of the
linear FM—AM conversion model. The 40-MHz shift of the noise
minimum from the line peak can be explained with the optical-
pumping process.
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somewhat different from that of the noise at lower fre-
quencies. The crossover frequency for this effect is 1
kHz, which is roughly the inverse of the 1 ms we estimate
to be the optical-pumping time for this laser intensity and
buffer-gas pressure. We have therefore developed a the-
oretical model that includes the effects of optical pumping
and excited-state hyperfine structure to explain the mea-
sured data.

3. THEORETICAL MODEL

The model described here is shown in Fig. 6. Two
ground-state levels are coupled to a single excited state by
a pair of optical fields in a A configuration. The transi-
tion rates from state 1 to state 3 and from state 2 to state
3 are denoted R (w) and Ry(w), respectively, and are
functions of the detuning from resonance, w. It is also as-
sumed for simplicity that the excited state decays to both
ground states with equal branching ratios and with a to-
tal decay rate equal to y. Finally, a phenomenological
population decay rate between the two ground states is
included, equal to 1/27, which accounts for the effects of
Cs—Ne spin-exchange collisions on the level populations.

The key aspect of this model is that the ground-state
populations change as a function of laser detuning.
Physically, the reason this happens is that the relative ab-
sorption of the optical fields through the cell changes with
detuning, causing the optical-pumping rates to change as
well. State 1 in the model represents the F' = 3 ground
state of the Cs atom. This state couples to the F = 2, 3,
and 4 excited hyperfine levels. State 2 in the model rep-
resents the F = 4 ground state in Cs, which couples to
the F' = 3, 4, and 5 excited states. Since the mean ener-
gies of the two sets of excited states are separated by
roughly the excited states’ hyperfine splitting energy, 24 A,
the absorption profiles of the two optical fields will be dif-
ferent as they are scanned together over the optical tran-
sition. Although the model has only a single excited
state, state 3, it is assumed that the two absorption pro-
files peak at slightly different optical detunings. As a re-
sult, the average intensities of the fields, and therefore
also the average transition rates, will change relative to
each other as a function of detuning.

The fractional population of each state i in Fig. 6 is de-
noted N;. Coherence between the ground states is im-
portant only when the optical fields are within a ground-
state transition linewidth of Raman resonance. In the
buffer-gas cells used in the experiment this linewidth is of
order 100 Hz. It is therefore possible to tune the optical
fields substantially away from Raman resonance while
still keeping them simultaneously on optical resonance.
The ground-state coherence can then be neglected, and
only population transfer between the levels need be con-
sidered. In addition, it is assumed that the optical fields
coupling the levels are weak and therefore that the ex-
cited state is almost empty. The rate equations for this
system can be written as

Y
Ny = —Ry(0)(N; — N3) + §N3

(N; = Np) = (NY - N§")
- 27 ’ W
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Fig. 6. Theoretical model including optical pumping and
excited-state hyperfine structure.
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Ny = —Ry(w)(Ny — N3) + §N3

(N3 = Ny) = (N = NY)
- 5 , 2)
.

N,

Ri(w)(Ny — N3) + Ry(w)(Ny — N3)

Here N <10) and N (2°> are the fractional ground-state popu-
lations in the absence of the optical fields.

The system of equations can be solved for the steady-
state ground-state populations N; and N,. The scatter-
ing rate of photons out of the optical field by a single atom
is then calculated from the expression S = R;(w)N;

+ Ry(w)N4 to be

< 2 (BN + BoNY) + 2,8,
- 1+ B+ By

, 4)

where B;(w) = R;(w)7/2. The maximum dc absorption
occurs at a detuning, o, that is the solution of dS/dw
= 0.

We now consider the effects of some small laser-
frequency modulation about the mean frequency. This is
equivalent to the situation in which FM noise is present
on the laser. Since the modulation is assumed to be
small, the expression for the dc absorption, Eq. (4), is un-
affected. The rate equations (1)—(3) are solved under
conditions of small modulation, 3, and §8,, of the nor-
malized optical transition rates. In terms of the Fourier
transforms 6B3,;((2), the Fourier transform of the modula-
tion in the scattering rate, as a function of the modulation
frequency (, is

N 2] By + N 1+ iQ7+ 28, B
58(Q) = — - 661(Q)
71+ B+ By\1+iQ7+ B+ By
By + NG 1+iQ7+ 28, | _ }
+ : 6B2(L2)|.
1+ B+ Bi\1+iQ7r+ By + By
(5)

Equation (5) shows generally how fluctuations in the
photon-scattering rate 6S(Q) depend on small modula-

tion of the normalized optical-pumping rates, 8;. In or-
der to proceed further we now assume a specific form for
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the atomic absorption profile: that of a Lorentzian with
width 2I'. The absorption coefficients for the two optical
fields can then be written

1‘*2

o= AT 1 I ©

ag(w) =
where « is the peak absorption coefficient, and 2A is the
optical frequency separation between the two profiles. It
is these frequency-shifted absorption profiles that give
rise to the changing ground-state level populations that
in turn result in an alteration of the FM—AM noise con-
version process.

Integrating over the length L of the cell, and assuming
exponential absorption, we find the average intensity of
the two fields, I; and I,, as a function of optical detuning
o to be

I1090
<11,2(w)> = —— {1 — exp[ — a1(w)L]}
w1’2(w)L
al,z(ﬂ))L
~ 1090 — (7

where [ is the incident intensity, «;(w) is the absorption
coefficient, and where it has been assumed that «;(w)L
< 1 (optically thin cell).

The parameters B; are related to the average field in-
tensities and absorption profiles given by expressions (6)
and (7). We find that

I r2
¥ < 1,2>) T ®)

,
Bio(w) = Rig(w) = = (5 I Py (0= A2+ T2

2

_ YT 110,20 _ aoL

4 T 2
1‘*2

X e —

(0 = A2+ T2
1‘*2

(0= A2+ T2

where I, is the saturation intensity of the optical tran-
sition and where I1p9) < Is,;. For small fluctuations in
frequency, dw, the normalized optical-pumping rates 583;
can be calculated from Eq. (9) to be

. ) 9

w* A

YT I1o,2o =
(1 - CVOL)T‘S‘U, (10)

5 _
B2 5 T

sat

where it has been assumed that the detunings are small
compared with the optical width of the absorption line,
o = Al <T.

Substituting the above expressions into Eq. (5) and as-
suming that the optical-pumping rates are both much
larger than the ground-state population decay rate (B;
> 1), the scattering-rate modulation resulting from dw is
found to be

55'(9) _ _2’}’(1 ~ al) Iy
r2 O Ty + Ll
Bio — B2o _
X |lw— Aldo (11)

(B1o + Bao +i1Q7)

Kitching et al.

B _27(1 L I0Iy
r2 O T + T
B0 — B

w — 5 5 A
(B1o + Bao)™ + (27
. Qr(B1o — B2o)
+ 1
(B1o + Bao)? + (Q7)?

Here B;, is the peak normalized optical-pumping rate.
The FM—-AM, conversion process is therefore dependent
on the Fourier frequency, (), of the noise. Equation (12)
can be solved for the detuning at which the scattering-
rate modulation, and therefore the FM—AM conversion, is
a minimum:

A|dw. (12)

- Bio — B3
O%7% + (Byg + Bao)?

At high modulation frequencies ({) > 1/7), therefore, the
FM-AM conversion is a minimum when the lasers are
tuned exactly halfway between the two individual
absorption-profile peaks. For lower modulation frequen-
cies () < 1/7) the FM-AM conversion is minimized at a
different detuning as long as B1y # Bag. The expression
for w8S i, at low modulation frequencies is, in fact, iden-
tical to the detuning at which the dc absorbance is a maxi-
mum.

The following general conclusions can be drawn from
an examination of Eq. (13). First, if the transition rates
induced by the two optical fields are equal, then wdS,;,
= 0 and the minimum high-frequency FM—-AM conver-
sion occurs at the peak of the dc absorption spectrum. In
this case the AM noise spectrum would change identically
at all Fourier frequencies as the laser was detuned from
resonance. This is what would be expected without con-
sidering the effects of optical pumping. However, if the
transition rates differ significantly (due to unequal pow-
ers in the two optical fields, for example), then w;ss (O
# 0) # wsg_ (2 = 0) and the minimum FM-AM conver-
sion occurs away from the peak of the dc absorption spec-
trum. The difference between the two frequencies wgis
= wss, (Q=%) —wsg (2 =0)is of the order of the
excited-state hyperfine splitting, 2A. For a cell contain-
ing a buffer-gas pressure similar to that used in the ex-
periment, the homogeneous broadening I" due to collisions
is in fact larger than the excited-state hyperfine struc-
ture, A, satisfying the assumption that |A — w| < T for
small detunings w.

Equation (12) indicates that even when o = w;s__,
some residual modulation of the scattering rate is still
present due to the imaginary part of the term in brackets.
This term occurs because the modulation of the ground-
state population induced by the optical pumping is phase
shifted from the original frequency modulation at Fourier
frequencies above the optical-pumping rate. The modu-
lation of the scattering rate induced by the absorption line
at constant ground-state population [the first term in
brackets in Eq. (12)] is always in phase with the fre-
quency modulation and can therefore never cancel this
out-of-phase term. The residual modulation is small at
very low and very high modulation frequencies and peaks

wss, (1) A. (13)
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at a frequency equal to the optical-pumping rate. If FM
noise is present in the laser with a power spectrum given
by S 5,(Q), then the resulting minimum fluctuation in the
optical power exiting the cell is

S sp(Q)
2A\2 )
= F (aOL)2PO Sb‘w(Q)?
(14)

where P, is the power (in both sidebands) incident on the
cell. The FM noise of the laser used here at a Fourier fre-
quency of 500 Hz is ~10'° Hz?/Hz, which results in a peak
AM noise of roughly four times the shot-noise level for an
input power of 10 uW. Thus the excess noise is of the
right order of magnitude to affect somewhat the noise per-
formance of the frequency reference. We believe that
this noise accounts for the discrepancy between experi-
ment and theory mentioned in Ref. 20.

Q (B0 = Bao) 2
(B1o + Bao)? + (Q,)?

4. FM-AM CONVERSION WITH OPTICAL
PUMPING

We can now examine the experimental data in Figs. 4 and
5 in light of the theoretical considerations of Section 3.
The asymmetry in the sideband power in the experiment
is approximately 2:1, leading to a frequency shift wgg
~ A/3 for very fast modulation compared with slow dc
absorption. With an average sideband intensity of 15
uW/em? incident on the atoms and a collisional broaden-
ing of 1 GHz, the optical-pumping rate is approximately
2m(36 Hz). We therefore expect that the noise spectrum
of light passing through the cell will deviate significantly
from the laser’s FM noise spectrum at frequencies 36 Hz.
This is indeed the case [see Fig. 4(b)]. In addition, it
would be expected that the noise minimum in Fig. 5
would be shifted from the dc absorption peak by some-
thing of the order of 50 MHz. The slightly smaller ex-
perimental value of 40 MHz can be explained by the fact
that the noise frequency considered in Fig. 5 is 530 Hz
and therefore is not sufficiently far above the optical-
pumping rate to realize the full shift.

Further details of the spectra in Fig. 4(c) can be ex-
plained on a more qualitative level. Trace A shows a
spectrum that agrees well with the laser’s FM noise spec-
trum at low frequencies but that increases above the la-
ser’s FM noise at higher frequencies. Because the high-
frequency spectrum is shifted with respect to the low-
frequency spectrum by several tens of MHz (Fig. 7), FM
noise at high frequencies will be converted by a different
atomic absorption slope, and hence the resulting AM
noise can appear to increase. Trace B is taken on the
same side of the dc absorption line as trace A but closer to
the line center. For this trace the FM—-AM conversion
slope at high frequencies should be very close to zero, re-
sulting in a somewhat stronger suppression of the noise
at high frequencies than at low frequencies, as observed
in the data. Finally, trace C is taken again close to the
peak of the dc absorption profile but on the other side.
Here, the low-frequency noise is strongly suppressed, but
the increasing conversion slope at higher frequencies
leads to an increase in the transmitted AM noise there.
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One additional test was carried out to confirm the
optical-pumping mechanism and is partly described in
Ref. 4; it is included here for completeness. The laser
current was modulated at two different frequencies f; and
fo. f1 was set to a fixed value of 50 kHz, and f, was var-
ied between 50 Hz and 12 kHz. The light was passed
through a cell containing a combination of buffer gases
(1.8 kPa Ne along with 2.4 kPa Ar), which resulted in a
total broadening of 970 MHz. The detector’s output at
each of these frequencies was demodulated with a lock-in
amplifier, and the magnitude of the demodulated signal
(R—fmode) was monitored as a function of laser detuning.
When f; # f5, the lock-in outputs, Rfl(w) and sz(w),
were found to reach a minimum at different laser detun-
ings, ; this difference in detunings, wgr = wss , (27f1)
- wésmm(277f2), and the lock-in output minimum value for
f2, Rplwss  (27f3)], was measured as a function of the
frequency f5.

The results are shown in Fig. 8 for three different opti-
cal intensities (and therefore three different optical-
pumping rates). The theory in Section 3 predicts that for
a given Fourier frequency (), the noise should be mini-
mum at some particular detuning, wﬁsmin(ﬂ). The ex-
pression for wgg can then be calculated: when fy is very
low (and f; very high), wgyr is at its maximum value of

(max) BIO - BZO
[OFT = ——A. (15)

Bio + B2o

Thus a large value for wgys is expected and indeed mea-
sured, as can be seen in Fig. 8(a). As f, increases, wgir
drops to zero as the two frequencies become almost equal.
The corner frequency at which wgy;y starts rolling off to-
ward zero should be roughly equal to the optical pumping
rate. It can be seen from the figure that as the laser in-
tensity is decreased, the corner frequency gets lower, as
expected. The solid curves in Fig. 8(a) are fits to the data
that use the functional form [chosen according to Eq. (12)]

(max)
diff

ﬁ s
¢cl opt)

w

ogur(f) = (16)

1+

where a)&’i“ﬂ?") is the maximum frequency shift, and 2 7 ¢, is

the optical-pumping rate normalized to optical intensity,

I,,. The fits give parameter values of W

Optical frequency

High-frequency

absorption
Low-frequency
absorption

A B C

Fig. 7. Detunings from the optical-absorption line at which the
data in Fig. 4(c) were taken. At detuning A the high-frequency
noise slope is larger than the slope of the low-frequency noise.
At detuning B the high-frequency slope is near zero, and the low-
frequency slope is nonzero but small. At detuning C the low-
frequency slope is near zero but the high-frequency slope is non-
Zero.
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Fig. 8. (a) Optical frequency difference between the FM-AM
conversion minima wgyy = @ ﬁsmin(Qﬂfl)-wﬁ Smin(2ﬂf2) and (b) mini-
mum FM-AM conversion at frequency f,, normalized to the
light intensity, as a function of modulation frequency f,. The
average optical intensity in each of the first-order sidebands was
170 uW/em? (circles), 47 uW/cm? (triangles), and 15 xW/cm?
(squares). The solid curves are fits to Eq. (16) with wgf
= 69.4 MHz and ¢, = 2.6 Hz/(uW/cm?).

= 69.4MHz and ¢, = 2.6 Hz/(uW/cm?). The value ob-
tained for the optical-pumping rate, 27w, X Iy, is
within a factor of 2 of that calculated theoretically from
the intensity incident on the atomic sample, and the value
of 0™ is within 20% of the theoretically predicted
value. Reasonable semi-quantitative agreement be-
tween experiment and theory is therefore found.

Figure 8(b) shows the excess modulation, R fz(“’)’
present when w = o 5Smin(277f2)' As expected from theory,
this quantity peaks when the modulation frequency,
27f,, is equal to the optical-pumping rate. The solid
curves are a fit to the functional form

f )
‘Z’clopt
Rp,(27f) = Mypo——7—3 (17

o\
e[
¢clopt

where M ., is a single scale factor for all three curves and
¢. takes on the value stated above. The existence of the
additional FM—-AM conversion is thus verified experimen-
tally.

5. IMPLICATIONS FOR PRACTICAL
FREQUENCY REFERENCES

In designing a practical atomic-frequency reference, sev-
eral issues are important in defining the performance of
the standard. The short-term stability is determined by
the size and shape of the resonance signal and by the

Kitching et al.

amount of noise at the RF-source modulation frequency.
As shown in Fig. 4, this noise level depends critically on
the Fourier frequency and also on the laser detuning from
resonance. High modulation frequencies (1 kHz) will
clearly be optimal since the noise is lower there. In this
case the optimal laser detuning will not be at the peak of
the dc absorption profile, as might be expected, but in-
stead will be shifted by several tens of MHz due to the
optical-pumping effect. In addition, excess noise may be
present due to the residual FM—AM conversion in the fre-
quency range of a few hundred Hz to a few kHz. Since
the modulation frequency of the external oscillator in the
frequency reference is often in this range, the excess noise
may affect the performance of the reference.

Another consideration is the dependence of the ac
Stark shift on the optical detuning.?’?® Ideally, one
wants to operate at a detuning for which the ac Stark
shift is a minimum in order to obtain good long-term sta-
bility. In general, this detuning does not correspond to
the detuning for which the short-term stability is optimal.
But with a careful choice of laser power, modulation fre-
quency, and sideband amplitude, it may be possible to op-
timize the frequency-reference design from both view-
points.

In the experiment described above an all-optical excita-
tion of the microwave clock transition is used. This dif-
fers somewhat from a conventional frequency reference in
that two, rather than one, optical fields are present that
optically pump the atoms. However, even when only a
single field is present, the ground-state population distri-
bution will be affected by optical pumping. The optical-
pumping rate of a conventional frequency reference is
comparable with that of the reference described here, and
so a similar difference between the low- and high-
frequency parts of the FM—AM conversion spectra might
be expected. An equivalent optimization of the reference
modulation frequency and detuning might therefore be
possible. The excess FM—AM conversion noise due to the
out-of-phase component of the ground-state population
change would also be expected to be present.

6. CONCLUSIONS

We have shown that optical pumping dramatically affects
the way in which laser FM noise is converted into AM
noise in a buffer-gas-confined atomic vapor. Noise at low
Fourier frequencies causes the atomic-population distri-
bution to change adiabatically with the field fluctuations,
while the limited optical-pumping rate prevents this at
higher Fourier frequencies. The AM noise spectrum at
the output of the cell therefore has a somewhat compli-
cated structure that depends on both the optical power
and the laser detuning but that is well explained by our
simple theoretical model. It is possible that this struc-
ture could be exploited to improve the performance of
laser-pumped frequency references.
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